Introduction {#s0001}
============

The use of synthetic antioxidants is currently under reconsideration because of their potential toxicological risks (Nieva‐Echevarría et al. [@CIT0032]). Accordingly, researchers are seeking for natural antioxidants originating from plants, which have a greater benefit than the synthetic (Adhami & Muktar [@CIT0001]). Natural antioxidants are substances capable of preventing or delaying the oxidative stress even at relatively small concentrations by acting directly on reactive oxygen species or by stimulating endogenous defense systems. When there is an imbalance between the oxidation and antioxidation processes, an excess of free radicals may accumulate that can cause oxidative damage to biological molecules and tissues resulting in many diseases in humans (Liu & Huang [@CIT0028]).

Many bioactive principles from plants have been reported to exhibit strong antioxidant activities. Phenolic compounds constitute one of the most numerous and ubiquitous groups, of the secondary metabolites. They defend the plants against a variety of herbivores or aggression by pathogens (Brunetti et al. [@CIT0009]). Researchers explored that these antioxidants may play an important role in the prevention of free-radical-induced diseases by acting as hydrogen and/or electron donors, which quench the free radicals and are then converted to antioxidant radicals (Nyanhongo et al. [@CIT0033]). Epidemiological studies have revealed that phenolic compounds provide a significant protection against the development of several chronic diseases, such as cardiovascular diseases, cancer, diabetes, infections, aging and asthma (Liu & Huang [@CIT0028]).

The genus *Pistacia* (Anacardiaceae) consists of at least 11 species. Plants of this genus are primarily distributed in the Northern hemisphere and include both evergreen and deciduous species *Pistacia. atlantica* Desf. ssp. is one of the most widely distributed wild species, called 'Butom' in Algeria, and is the most characteristic plant species of the arid and semi-arid regions of the country (Belhadj [@CIT0005]; El Zerey-Belaskri & Benhassaini [@CIT0020]).

*Pistacia atlantica* is believed to have several therapeutic properties, such as relieving upper abdominal discomfort and pain, dyspepsia and peptic ulcer (Zarshenas et al. [@CIT0045]). Scientific findings also revealed the wide pharmacological activities such as antioxidant, antimicrobial and antihyperglycemic activities from various parts of this species (Benhammou et al. [@CIT0007]; Ben Ahmed et al. [@CIT0006]). The widespread use of *P. atlantica* in traditional medicine can be partly attributed to the content of the phenolic compounds.

The phenolic profiles of plant tissues are known to be affected by many factors, such as genotype, environment, growth stage, time of harvesting, process and storage conditions, and method of analysis (Vagiri et al. [@CIT0038]). Although the phenolic composition of *P. atlantica* leaves is reported (Ben Ahmed et al. [@CIT0006]), there is little or no knowledge among local cultivators for choosing the optimal harvest time associated, for instance, with a maximal potency in antioxidant capacity.

Hence, the aim of this study was to evaluate the fluctuations in total phenolic (TPC), flavonoid (FC) and condensed tannins content (CTC) in extracts of *P. atlantica* leaves. Antioxidant activity was evaluated by both the radical scavenging DPPH (2,2-diphenyl-1-picrylhydrazyl) and the reducing power capacity (potassium ferricyanide) methods. The relationships between antioxidant activities and contents of TPC, FC and CTC, measured in the plant samples, are discussed in order to provide a scientific basis for an optimal usage of *P. atlantica* leaves.

Materials and methods {#s0002}
=====================

Chemicals {#s0003}
---------

Ethyl acetate, petroleum ether (boiling point 40--60 °C), HCl (37%), FeCl~2~·4H~2~O, FeCl~3~·6H~2~O, butanol, methanol, and 2,2-diphenyl-1-picrylhydrazyl (DPPH^•^) were obtained from Sigma-Aldrich (Munich, Germany). Folin--Ciocalteau reagent, vanillin and hydrogen peroxide solution (30% w/w) were purchased from Sigma (Steinheim, Germany), and potassium phosphate (monobasic and dibasic), sodium carbonate and quercetin from Fluka (Buchi, Switzerland). Trichloroacetic acid (TCA), gallic acid and catechin were obtained from Riedel-de Haen (Seelze, Germany), and ascorbic acid from Panreac (Barcelona, Spain).

Plant materials {#s0004}
---------------

The identity of the leaf samples was confirmed by Prof. Safia Belhadj (Department of Agropastoralism, Faculty of Science, Achour Zian University, Djelfa, Algeria), and voucher specimen (LM: Laghouat male leaves, LF: Laghouat female leaves, OM: Ain oussera male leaves, and OF: Ain oussera female leaves) are deposited at the Department of Biology, University of Laghouat (Algeria).

Both female and male trees were sampled each from the lower, central and upper parts in about equal amounts. Leaves of one gender (collected from five randomly selected trees) were carefully mixed, dried and then smashed manually, before storing them in polyethylene bags at ambient temperature in the dark until use. The leaves were smashed because higher extraction yields of phenolics are achieved when extracting from smaller particles (Fonseca et al., [@CIT0019]). The dried leaves of a green color, not red, were used. The leaves were collected monthly from April until October (2010), at the middle of each month. Trees with a similar age were sampled from two growing regions chosen along a transect of increasing aridity: Ain oussera (medium arid) and Laghouat (arid) located at 200 and 400 km, respectively, south of Algiers, Algeria. Plants density and height of the trees were similar for the two sites. The two locations have same the kind of soil, which is clay. This soil is composed of tiny particles that are hard and able to become easily impacted. The clay soil locally known as 'Daya'. About 20 g of leaves were harvested from each individual tree.

Information on weather conditions {#s0005}
---------------------------------

Data recorded during 2010 (April--October) at the station L\'Mekrareg Airport (33.76°N, 2.93°E, altitude 765 m) and KsarChellal Airport (35.17°N, 2.32°E, altitude 801 m) for Laghouat and Ain oussera regions, respectively, were provided by the [@CIT0041] (<http://french.wunderground.com/history/>) ([Table 1](#t0001){ref-type="table"}).

###### 

Average monthly temperature (T), day length (DL) and visible light length (LVL) in Laghouat and Ain-oussera during 2010.

  Variable   Region        April   May     June    July    August   September   October
  ---------- ------------- ------- ------- ------- ------- -------- ----------- ---------
  T (°C)     Laghouat      19      20      28      32      31       25          19
             Ain oussera   13      15      21      27      26       21          16
  DL (h)     Laghouat      13.01   13.54   14.23   14.11   13.25    12.23       11.21
             Ain oussera   13.03   13.58   14.28   14.15   13.28    12.24       11.20
  LVL (h)    Laghouat      13.52   14.49   15.21   15.07   14.17    13.13       12.11
             Ain oussera   13.55   14.54   15.27   15.13   14.21    13.14       12.10

Sample preparation {#s0006}
------------------

The method described by Boeing et al. ([@CIT0008]) and Yousfi et al. ([@CIT0044]) was employed to prepare the crude extract of *P. atlantica* leaves. Each sample (2 g) was macerated in 100 mL acetone/water (v/v, 7:3) in the dark for 72 h, followed by filtration through a Whatman filter paper (Grade 1: 11 μm, Sigma**-**Aldrich, France). The acetone was removed by using a rotary evaporator (temperature 50 °C). The aqueous phase was subsequently extracted with 100 mL petroleum ether. The lower (aqueous phase) was recovered and the extraction repeated three times for the removal of pigments and most of the lipids (dissolved into the upper phase). The lower aqueous phase was then extracted twice with 100 mL ethyl acetate, in the presence of 1 mL ammonium sulfate solution (20%, w/v) and 1 mL *meta*-phosphoric acid (2%, v/v). The ethyl acetate fraction was dried by adding 2 g anhydrous sodium sulfate, filtered and evaporated to dryness using a rotary evaporator (temperature 50 °C). The residue was redissolved in 10.0 mL absolute methanol and stored at −5 °C until analysis. In the following assays absorbances were measured on a Shimadzu UV 160A spectrophotometer (Kyoto, Japan) and each sample was prepared in triplicate and the mean value calculated.

Determination of total phenolic contents (TPC) Folin--Ciocalteu method (FCM) {#s0007}
----------------------------------------------------------------------------

The total phenolic content was determined with the Folin--Ciocalteu reagent based on the method described in Lou et al. ([@CIT0029]). A calibration curve was obtained using gallic acid as standard. Different concentrations of gallic acid (0.05--0.35 mg/mL) were prepared in methanol/water (60:40, v/v). A sample 5 fold**-**diluted in methanol (100 μL) was added to a test tube. Both standards and samples were mixed with 500 μL 10-fold-diluted Folin--Ciocalteu reagent in water and 2 mL aqueous sodium carbonate solution (4%, w/v). The final mixture was shaken and then incubated for 30 min in the dark at room temperature. The absorbance of all standards and samples was measured at 760 nm, and the results expressed as milligrams of gallic acid equivalents (GAE) per gram of dry leaf weight.

Determination of flavonoid content (FC) {#s0008}
---------------------------------------

The FC in the extracts was determined spectrophotometrically according to the method described by Vongsak et al. ([@CIT0039]). It is based on the formation of a flavonoid aluminum complex, showing an absorbance maximum at 430 nm. Quercetin was used to set up the calibration curve in methanol (0.005--0.025 mg/mL). Standard and sample from 10 fold-diluted extract in methanol (1 mL) were mixed with 1.0 mL of methanolic aluminum chloride solution (2%, w/v). After incubation at room temperature for 15 min, the absorbance was measured and the flavonoid content was expressed in mg quercetin equivalents (QE) per g dry leaf weight.

Determination of condensed tannins content (CTC) {#s0009}
------------------------------------------------

Evaluation of total CTC was carried out as described by Chupin et al. ([@CIT0011]). The extracts (1 mL) were placed in two separate test tubes (one for the sample and one for the blank). Methanol vanillin solution (4%, w/v) (3 mL) and 1.5 mL concentrated hydrochloric acid were added to the sample tube, while 3 mL pure methanol and 1.5 mL concentrated hydrochloric acid were added to the blank tube. The mixtures were kept for 15 min in the dark at room temperature; then the absorbance was measured at 500 nm. A standard curve was prepared with (+)-catechin (0.5--3.5 mg/mL). The results were expressed as milligrams of (+)-catechin per gram of dry leaf weight.

Evaluation of antioxidant activity {#s0010}
----------------------------------

### DPPH (2,2-diphenyl-1-picrylhydrazyl) assay {#s0011}

The DPPH assay was performed according to Du et al. ([@CIT0016]). The methanolic DPPH^•^ solution (250 μM) was prepared daily. Then, 1 mL of 25-, 50-, or 100-fold diluted extract in methanol was mixed with 1 mL of DPPH solution and incubated for 30 min in the dark. Immediately after mixing at time *t* = 0 min (t~0~) and after 30 min, the absorbances were measured at 517 nm. A standard curve was prepared by determining the decrease in absorbance of the DPPH radical solution over a period of 30 min with different concentrations of ascorbic acid (0.002--0.016 mg/mL). The DPPH radical scavenging activity (RSA) was defined as ascorbic acid equivalent antioxidant capacity (AAEAC) and expressed as mg ascorbic acid equivalents per gram of dry leaf weight (Leong & Shui [@CIT0026]). AAEAC was calculated using the following equation: $${AAEAC} = \left( \Delta A_{sample}/K \right) \times \quad D\quad \times \quad V\quad \times \left( 1/W_{sample} \right)$$ where Δ*A*~sample~ is the change in absorbance in the presence of extract, *K* the slope of the standard curve, *D* the dilution factor (25, 50 or 100) of the extract, *V* the total extract volume (10 mL) and *W*~sample~ the sample weight used for extraction (g).

### Potassium ferricyanide \[K~3~Fe(CN)~6~\] reducing power capacity (RPC) {#s0012}

The reducing power of the *P. atlantica* leaf extracts was determined according to the method described by Kannan et al. ([@CIT0023]). 50-, 100-, and 200-fold methanol-diluted extracts (2.5 mL) were mixed with 2.5 mL phosphate buffer 200 mM at pH 6.6 and 2.5 mL of 1% potassium ferricyanide. The mixture was incubated at 50 °C for 20 min. Then, 2.5 mL of TCA (10% w/v) was added and the mixture was centrifugated for 10 min at 1000 *g* (Universal 32 R, Hettich, Tuttlingen, Germany). The supernatant (2.5 mL) was added to glass tubes containing 2.5 mL distilled water and 0.5 mL FeCl~3~·6H~2~O (0.1%, w/v). The absorbance of the resulting solution was measured at 700 nm using distilled water as control solution. The reducing power activity was calculated from a standard curve based on a set of ascorbic acid solutions (0.05--0.3 mg/mL). Results were defined as ascorbic acid equivalent antioxidant capacity (AAEAC) and expressed as milligrams of ascorbic acid equivalents per gram of dry leaf weight.

Statistical analysis {#s0013}
--------------------

One-way analyses of variance (ANOVA) followed by a Student--Newman Keuls (SNK) *post hoc* test were used to estimate the significance of the factor harvest month, gender and growing region on the levels of TPC, FC, CTC and AAEAC. Paired *t*-tests were used to compare the differences in the averages of TPC, FC, CTC and AAEAC between harvest months, gender and growing region. Calculations were performed using SPSS (version 16, SPSS, Prentice Hall, Chicago IL, 2007). Principal Component Analysis (PCA) was performed, using XLSTAT-Pro version 2014 (Addinsoft, New York, NY).

Results {#s0014}
=======

In order to evaluate seasonal changes in the total phenolic content, a systematic analysis was carried out by sampling leaves as described in 'Materials and methods' section. The TPC varied over the studied period as shown in [Figure 1](#F0001){ref-type="fig"} and [Table 2](#t0002){ref-type="table"}. A maximum seems to be reached in spring. In Ain oussera the maximum is observed earlier (April) than in Laghouat (May), regardless of the fact that temperatures in Laghouat are systematically higher. Then over summer towards autumn, the TPC seems to decrease.

![Monthly variation in the total phenolic contents.](IPHB_A_1291690_F0001_C){#F0001}

###### 

Total phenolic contents in *P. atlantica* leaves harvested in different months from Laghouat and Ain oussera regions, expressed as mg gallic acid quivalents (mg GAE)/g dry leaf weight.

  Season   Month       LM ± SD (*n* = 3)   LF ± SD (*n* = 3)   OM ± SD (*n* = 3)   OF ± SD (*n* = 3)
  -------- ----------- ------------------- ------------------- ------------------- -------------------
  Spring   April       136^a^ ± 4          124^b^ ± 10         258^d^ ± 8          151 ± 8
           May         208^c^ ± 8          228^d^ ± 21         172^bc^ ± 15        144 ± 13
  Summer   June        173^b^ ± 13         169^c^ ± 13         188^c^ ± 6          154 ± 15
           July        144^a^ ± 10         138^bc^ ± 17        135^a^ ±13          131 ± 15
           August      129^a^ ± 16         128^b^ ± 19         135^a^ ± 8          125 ± 23
  Autumn   September   152^a^ ± 10         79^a^ ± 13          155^ab^ ± 24        125 ± 7
           October     130^a^ ± 5          112^b^ ± 30         130^a^ ± 10         137 ± 17

Values in one column followed by the same superscript do not differ significantly according to SNK *post hoc* test. Superscripts a→ b→ c: indicate increasing concentrations.

Possible influences of the factors under study (gender, harvest time, and growing region) were evaluated. ANOVA was performed for each region and gender, to evaluate the effect of the harvest month on the TPC. In both regions, a significant difference was found in the TPC levels between different harvest months within each gender (*p* \< 0.0001), with the exception of the female leaves of the Ain oussera region (*p* = 0.151). Furthermore, paired *t*-tests were performed on the monthly averages to evaluate systematic differences between both genders, collected within each region, and between regions.

Gender had no significant effect on TPC of *P. atlantica* leaves (*p* = 0.164 for Laghouat and *p* = 0.082 for Ain oussera region) over the considered period. Thus both genders of *P. atlantica* leaves growing within each region had a similar behavior according to variation of TPC. However, the results for the Ain oussera region are rather borderline non-significant. From [Figure 1](#F0001){ref-type="fig"}, one would conclude that in spring (April) the male leaves seem to have a higher amount, but later the differences decrease and disappear.

To evaluate the differences in TPC concentration between Laghouat and Ain oussera regions, the second paired *t*-test was applied. The fluctuations in TPC were found to be similar for both growing regions (*p* = 0.807). Thus over the considered period the overall TPC profile is rather similar.

Flavonoids are widely distributed plant secondary metabolites (Stanković et al. [@CIT0036]). They have generated interest because of their broad human health promoting effects, most of which are related to their antioxidant properties and to synergistic effects with other antioxidants (Li et al. [@CIT0027]). [Figure 2](#F0002){ref-type="fig"} and [Table 3](#t0003){ref-type="table"} show the monthly variation in total flavonoid content measured in the leaves of *P. atlantica*. A less pronounced tendency than for the TPC is seen.

![Monthly variation in the flavonoid content.](IPHB_A_1291690_F0002_C){#F0002}

###### 

Flavonoid content in *P. atlantica* leaves, harvested in different months from Laghouat and Ain oussera regions, expressed as mg quercetin equivalents (mg QE)/g dry leaf weight.

  Season   Month       LM ± SD (*n* = 3)   LF ± SD (*n* = 3)   OM ± SD (*n* = 3)   OF ± SD (*n* = 3)
  -------- ----------- ------------------- ------------------- ------------------- -------------------
  Spring   April       0.95^ab^ ± 0.06     2.81^c^ ± 0.88      2.30^c^ ± 0.16      1.30^bc^±0.13
           May         0.65^a^ ± 0.10      2.46^bc^ ± 0.24     1.47^b^ ± 0.10      1.51^c^ ± 0.14
  Summer   June        1.44^b^ ± 0.29      2.36^bc^ ± 0.22     1.94^bc^ ± 0.71     1.90^d^ ± 0.11
           July        1.28^ab^ ± 0.06     2.00^bc^ ± 0.23     1.77^bc^ ± 0.09     1.12^b^ ± 0.14
           August      1.95^c^ ± 0.50      0.93^a^ ± 0.12      1.26^ab^ ± 0.13     1.53^c^ ± 0.25
  Autumn   September   1.10^ab^ ± 0.30     1.43^ab^ ± 0.43     1.35^ab^ ± 0.20     1.29^bc^ ± 0.18
           October     1.25^ab^ ± 0.25     2.13^bc^ ± 0.26     0.72^a^ ± 0.17      0.73 ^a^± 0.03

Values in one column followed by the same superscript do not differ significantly according to SNK *post hoc* test. Superscripts a→ b→ c: indicate increasing concentrations.

The potential influences of the main factors region, gender and harvest month were examined as for the total phenolic content. The ANOVA showed a significant effect of harvest months on FC for each region and gender (*p* \< 0.0015). The paired *t*-test for monthly averages showed no significant systematic difference in FC between male and female leaves, collected within each region (*p* = 0.095 for Laghouat and *p* = 0.275 Ain oussera). The factor gender did not have a significant effect on the level of FC in *P. atlantica* leaves over the considered period, even though in the Laghouat region the FC concentration in spring and early summer seems higher in the male leaves.

The paired *t*-test on the monthly regional averages, showed no statistically significant difference in FC (*p* = 0.446). It can therefore be concluded that FC seems to behave similarly in both regions.

Condensed tannins (proanthocyanidins) comprise a group of polyhydroxyflavan-3-ol oligomers and polymers linked by carbon--carbon bonds between flavanol subunits (da Silva et al. [@CIT0014]). The most common classes are the procyanidins, which are chains of catechin, epicatechin and their gallic acid esters, and the prodelphinidins, which consist of gallocatechin, epigallocatechin and their galloylated derivatives as monomeric units (Suriano et al. [@CIT0037]). Condensed tannins have attracted great attention due to the rapid growing evidence associating these compounds with a wide range of potential health benefits (de-Faria et al. [@CIT0015]). The results of the estimation of the condensed tannins contents in the leaves of *P. atlantica* are depicted in [Figure 3](#F0003){ref-type="fig"} and [Table 4](#t0004){ref-type="table"}. Variations in the average CTC were observed in both genders and both regions over the harvesting period. However, no real tendency is observed. The ANOVA revealed significant differences in CTC (*p* ≤ 0.0001) between different harvest months for each region and gender. The paired *t-*test for monthly averages reported no statistically significant difference in CTC between both genders collected in a given each region (*p* = 0.983 for Laghouat and *p* = 0.161 for Ain oussera). Overall, findings suggest that leaves of *P. atlantica* do not systematically differ in CTC between genders.

![Monthly variation in condensed tannins content.](IPHB_A_1291690_F0003_C){#F0003}

###### 

Condensed tannin contents in *P. atlantica* leaves, harvested in different months from Laghouat and Ain oussera regions, expressed as mg catechin equivalents (mg CAE)/g dry leaf weight.

  Season   Month       LM ± SD (*n* = 3)   LF ± SD (*n* = 3)   OM ± SD (*n* = 3)   OF ± SD (*n* = 3)
  -------- ----------- ------------------- ------------------- ------------------- -------------------
  Spring   April       1.10^a^ ± 0.22      3.19^c^ ± 0.94      1.89^a^ ± 0.14      0.66^a^ ± 0.06
           May         3.00^c^ ± 0.23      1.72^b^ ± 0.39      0.87^b^ ± 0.09      0.50^a^ ± 0.05
  Summer   June        1.94^b^ ± 0.50      3.51^c^ ± 0.48      1.92^c^ ± 0.49      2.82^c^ ± 0.68
           July        1.01^a^ ± 0.37      0.56^a^ ± 0.13      0.29^a^ ± 0.10      1.62^b^ ± 0.12
           August      2.39^b^ ± 0.17      0.93^ba^ ± 0.38     0.32^a^ ± 0.04      1.68^b^ ± 0.18
  Autumn   September   1.35^a^ ± 0.16      0.39^a^ ± 0.03      0.40^a^ ± 0.04      2.00^b^ ± 0.47
           October     2.31^b^ ± 0.18      0.79^ba^ ± 0.09     0.80^b^ ± 0.05      1.63^b^ ± 0.16

Values in one column followed by the same superscript do not differ significantly according to SNK *post hoc* test. Superscripts a→ b→ c: indicate increasing concentrations.

The paired *t-*test showed no significant systematic difference in CTC between Laghouat and Ain oussera regions (*p* = 0.193). However, even though not significant, the results of [Figure 3](#F0003){ref-type="fig"} and [Table 4](#t0004){ref-type="table"} indicate a tendency that the contents in the Laghouat region tended to be higher than these from Ain oussera.

Recognition of many health benefits provided by phenolic compounds has encouraged increased scientific interest in determining the antioxidant capacity of various plant-derived products. However, a standardized method for the determination of the antioxidant properties has not yet been established. The total antioxidant capacity demands at least two methods to reflect and differentiate both the single electron transfer (SET) and the hydrogen atom transfer (HAT) phenomena (Alov et al. [@CIT0002]). The present study used two methods to estimate the antioxidant capacity, i.e. DPPH (HAT) and K~3~Fe(CN)~6~ (SET) assays, which are commonly used in biological samples, applying different procedures. To our knowledge, there is no study on the effects of harvest months, growing region and gender on the total antioxidant activities of *P. atlantica* leaves. [Figure 4](#F0004){ref-type="fig"} and [Table 5](#t0005){ref-type="table"} present the results of the monthly variation in RSA (from DPPH test) in the vegetative leaves of *P. atlantica*. Leaves from Ain oussera tend to be more active than those from the Laghouat region across the entire studied period.

![Monthly variation in the DPPH scavenging activity.](IPHB_A_1291690_F0004_C){#F0004}

###### 

The monthly variation in the DPPH scavenging activity in *P. atlantica* leaves which were collected in Laghouat and Ain oussera regions, expressed as mg ascorbic acid equivalent (mg AAE)/g dry leaf weight.

  Season   Month       LM ± SD (*n* = 3)   LF ± SD (*n* = 3)   OM ± SD (*n* = 3)   OF ± SD (*n* = 3)
  -------- ----------- ------------------- ------------------- ------------------- -------------------
  Spring   April       349^bc^ ± 14        445^ef^ ± 20        605^b^ ± 17         536^cd^ ± 27
           May         474^d^ ± 19         347^b^ ± 12         596^b^ ± 12         510^bc^ ± 15
  Summer   June        341^b^ ± 15         433^d^ ± 17         628^b^ ± 48         675^e^ ± 21
           July        465^d^ ± 26         465^ef^ ± 34        637^b^ ± 35         416^a^ ± 39
           August      262^a^ ±18          388^c^ ± 20         380^a^ ± 55         459^b^ ± 12
  Autumn   September   388^c^ ±12          488^e^ ± 8          615^b^ ± 31         571^d^ ± 22
           October     389^c^ ± 25         263^a^ ± 30         381^a^ ± 47         502^bc^ ± 25

Values in one column followed by the same superscript do not differ significantly according to SNK *post-hoc* test. Superscripts a→ b→ c → d→ e → f: indicate increasing activities.

The ANOVA confirmed that these activities were significantly different and this in the four leaf types considered (*p* ≤ 0.0001). A paired *t*-test for monthly averages revealed that the RSA did not significantly systematically differ between both genders (*p* = 0.597 for Laghouat and *p* = 0.598 for Ain oussera).

Furthermore the paired *t-*test indicated statistically significant systematic difference in the RSA between Laghouat and Ain oussera (*p* \< 0.0005), suggesting that the growing region affects RSA of *P. atlantica* leaves.

For the RPC assay, i.e. a ferric ion-based assay, the presence of reducers (i.e. antioxidants) causes the reduction of the ferricyanide complex (Fe^3+^) to the ferrous form (Fe^2+^) by donating an electron. Monthly variations of the reducing power activity in *P. atlantica* leaves are shown in [Figure 5](#F0005){ref-type="fig"} and [Table 6](#t0006){ref-type="table"}. A variation in the reducing power activity was observed between regions, and occasionally gender and harvest time. A decreasing trend seems to occur over the measured period. The male leaves of Laghouat seem to have higher reducing power activity than the other of samples classes.

![Monthly variation in the reducing power capacity.](IPHB_A_1291690_F0005_C){#F0005}

###### 

The monthly variation in reducing power activity in *P. atlantica* leaves collected in Laghouat and Ain oussera regions, expressed as mg ascorbic acid equivalent (mg AAE)/g dry leaf weight.

  Season   Month       LM ± SD (*n* = 3)   LF ± SD (*n* = 3)   OM ± SD (*n* = 3)   OF ± SD (*n* = 3)
  -------- ----------- ------------------- ------------------- ------------------- -------------------
  Spring   April       604^c^ ± 20         594^d^ ± 27         627^f^ ± 16         386^a^ ± 21
           May         962^e^ ± 12         705^e^ ± 30         455^d^ ± 28         311^b^ ± 13
  Summer   Jun         559^b\ c^ ± 33      728^e^ ± 31         564^e^ ± 21         353^b^ ± 19
           July        726^d^ ± 38         515^c^ ± 31         581^e^ ± 18         344^a^ ± 20
           August      520^ab^ ± 11        490^bc^ ± 26        404^c^ ± 16         356^a^ ± 12
  Autumn   September   467^a^ ± 69         259^a^ ± 16         343^b^ ± 19         297^b^ ± 18
           October     989^e^ ± 20         447^b^ ± 45         297^a^ ± 23         289^b^ ± 22

Values in one column followed by the same superscript do not differ significantly according to SNK *post-hoc* test. Superscripts a→ b→ c → d→ e → f: indicate increasing activities..

ANOVA, revealed significant differences in reducing power between different harvest months and this for all genders and regions (*p* \< 0.001). The paired *t*-test reported statistically significant systematic differences in AAEAC between both genders in the Ain oussera region (*p* = 0.012). This difference was not statistically significant in the Laghouat region (*p* = 0.119), even though the absolute differences often were much larger.

The paired *t*-test performed to evaluate activity differences between Laghouat region and Ain oussera, showed a significant difference (*p* = 0.002). It can therefore be concluded that the reducing power seems to behave differently in both regions.

In an attempt to identify potential compounds that contribute to the antioxidant activity of the extracts, Pearson correlation coefficients were calculated between the relative contents, including the TPC, FC and CTC, and the antioxidiant activities of RSA and RPC. The highest correlation was found between CTC and RPC (*r* = 0.483, *p* \< 0.01), followed by that between TPC and RPC (*r* = 0.447, *p* \< 0.01). However, neither significant correlations between FC on the one hand and RSA (*r* = 0.100, *p* \> 0.05) or RPC (*r* = 0.180, *p* \> 0.05) on the other, nor between CTC and RSA (*r* = −0.010, *p* \> 0.05) were seen. In addition, our findings did not show any significant correlation between RSA and RPC results (*r* = −0.170, *p* \> 0.05). Further, a better correlation was found between TPC/FC/CTC and the RPC assay, than with the RSA assay results.

Discussion {#s0015}
==========

The TPC in *P. atlantica* leaves were neither affected by the growing region nor the gender. The seasonal trend showed that the phenolic metabolism was significantly correlated with the harvest month which is in turn depended on growth rate. Thus, the high phenolic contents recorded in spring can be attributed to the development of young leaves, while the results for autumn indicate older, more mature leaves with a lower biosynthetic activity. This pattern may be explained by the fact that the *P. atlantica* leaves enhance their carbohydrate demands for regrowth and thus cause a tradeoff with secondary metabolite synthesis leading to a decrease in phenolic compounds. Our results are in agreement with Waterman and Mole ([@CIT0040]), who reported that in general young leaves have higher levels of mechanical and chemical defenses than mature.

Varying weather conditions also provide an explanation for the seasonal variation observed in the content of phenolic compounds. Biosynthesis of phenolic compounds is known to be sensitive to temperature and light, which reflects the possible role of these compounds in the photoprotection of plants (Yang et al. [@CIT0043]). However, the lower temperatures in spring ([Table 1](#t0001){ref-type="table"}) may also cause photo-oxidative stress, due to the limited activity of photo-synthetic enzymes, and therefore induce an increase in TPC levels (Close & McArthur [@CIT0012]). This might be a reason for the higher concentration of TPC in April and May for Ain oussera and Laghouat regions, respectively. This observation is in agreement with another report that suggests that the level of phenylalanine ammonia lyase, an important enzyme involved in phenolic biosynthesis, increases considerably at lower temperatures (Karami et al. [@CIT0024]).

In fact, the temperature is not the only factor that could interfere with the TPC level in leaves. Mechanisms that also induce seasonal variations may include one or both of the following environmental conditions: day length and visible light exposure, which vary according to the season ([Table 1](#t0001){ref-type="table"}). In both regions, in the period June till October, when the leaves grow and the content of the phenolic compounds decreases, the day length and the duration of visible light exposure decrease. This might indicate that increasing day length and visible light exposure favor the biosynthesis of the TPC (June). However, in the considered regions the day length and visible light exposure differences are rather limited (about 3 h maximally).

Our data thus may suggest that high temperature and shorter day length with shorter visible light exposure can reduce the content of phenolic compounds in *P. atlantica* leaves and that the content of these compounds is lower in a season (autumn) associated with such growing conditions. The varying phenolic concentrations in *P. atlantica* leaves confirm the influence of both harvest season and climate factors on the production and release of these metabolites. In face of the obtained results, *P. atlantica* leaves used in traditional medicine should be collected during spring (April--May) in the considered regions in order to achieve maximal phenolic contents.

The total flavonoid and condensed tannins concentrations were relatively constant during the harvesting period ([Tables 3](#t0003){ref-type="table"} and [4](#t0004){ref-type="table"}). It was also observed that the contents of these compounds are rather similar between both regions. In contrast to the temperature, there were also few differences in visible light exposure and day length in both regions during the considered period.

Similar to results found in this study, Cohen et al. ([@CIT0013]) noted that there is no consistent relationship between temperature and CTC accumulation across three seasons. Flavonoid and condensed tannins biosynthesis is activated by plants as response to light energy and their accumulation has been demonstrated to serve, among other roles, as a protective shield to leaves, preventing molecular and cellular damage (Edreva [@CIT0018]; Koyama et al. [@CIT0025]). Most often kaempferol and quercetin are found glycosylated in *P. atlantica* leaves (Mosharrafa et al. [@CIT0030]) which has been presented as a strategy for plant fitness against light energy (Harborne & Williams [@CIT0022]). Our results mainly confirm the absence of a trend in FC and CTC concentrations in *P. atlantica* leaves even though significant differences may be related directly to photo-oxidative stress occurring at give moments in the growing season.

Moreover, when comparing our results with other published information (Gourine et al. [@CIT0021]), it is worth noticing that both growing regions are located between 33 and 36° of the northern latitude. The declination of the sun is low, but the day length during the growth season is longer than in areas further south (Yang et al. [@CIT0043]). This may be a cause of the selective metabolic differences in phenolic, flavonoid and condensed tannins contents in various published experiments.

Both the harvest month and the growing region manifest significant differences in the RSA of *P. atlantica* leaves. The leaves grown in the Ain oussera region have a significantly higher radical scavenging activity than those from the Laghouat region ([Table 5](#t0005){ref-type="table"}). *Pistacia atlantica* leaves from the Ain oussera region were grown in arid climatic conditions, which likely describe the best environment for growth and development of *P. atlantica*, creating leaves with high-antiradical activity. The high free radical scavenging activity observed in the Ain oussera region is probably related to the lower temperature than in the Laghouat region ([Table 1](#t0001){ref-type="table"}). This meteorological condition can enhance antiradical activity (Rodrigues et al. [@CIT0034]). Our results mainly confirm the absence of a seasonal trend in scavenging antiradical activity in the *P. atlantica* leaves. This might indicate that the temperature is not the only factor that could interfere with the DPPH antioxidant activity results. Most of the responsible phytochemicals are produced in response to external stimuli, such as light intensity, moisture stress, day and night temperatures, rainfall, drought and their duration (Ncube et al. [@CIT0031]). It is therefore possible that, depending on the harvest month, the content and presence of these bioactive compounds could vary, in parallel with the presence or absence of the stimuli, resulting in antiradical activity. The strongest DPPH radical scavenging potential was obtained from leaves of Ain oussera, harvested in June and September. Therefore, their extracts could be used as radical scavenging agents, acting as primary antioxidants.

In terms of reducing power capacity the variation was similar in both regions. The highest antioxidant capacity was recorded in spring (April--May). Then a continuous decrease was observed till autumn (September--October). The seasonal pattern in the reducing power capacity resembled to that observed for the total phenolic content (*r* = 0.337, see higher).

Hence, the male leaves collected from both regions appeared to have systematically stronger reducing power capacity than the female. Thus male leaves preferably are collected as crude medicine. However, for the DPPH results higher activities are seen in the Laghouat area, while for the reducing power activity rather the opposite is observed.

Hence it is likely that the morphological parameters of a leaf, such as epidermis, cuticle, palisade parenchyma, sizes, thickness and density, from a given region have played a key role in its antioxidant activity. It has been reported that the density of *P. atlantica* leaves collected from an arid site was higher than from a semi-arid site. In addition, increased aridity resulted in a reduction of leaf sizes, while their epidermis, cuticle, palisade parenchyma and total thickness increased (Said et al. [@CIT0035]; Belhadj et al. [@CIT0004]).

Differences in the antioxidant assay results could be due to the presence of compounds having a different affinities to react with DPPH or K~3~Fe(CN)~6~. Duh et al. ([@CIT0017]) reported that significant correlations between phenolics compounds content and antioxidant assays could support the hypothesis of the contribution of these compounds to the total antioxidant capacity of plant extracts. According to this hypothesis, it can be concluded that the phenolic compounds of *P. atlantica* could be main components responsible for the free radical scavenging activity and the reducing ability of these leaves. Furthermore, the condensed tannins may serve as a good source of antioxidant capacity as they have ferric reducing ability. The absence of correlation in this study can be assumed with *r*-values ranging from 0.048 to 0.250. However, our finding showed that the lack of correlation between FC and the reducing power, and between FC and DPPH may be linked to the assumption that most of the flavonoids in *P. atlantica* leaves were in their glycoside forms (Mosharrafa et al. [@CIT0030]) and thus less effective compared to their aglycone forms (Anwar et al. [@CIT0003]). Hence, the lack of correlation between CTC and DPPH is in agreement with Xu et al. ([@CIT0042]) and Chew et al. ([@CIT0010]), who reported that low molecular weight antioxidants were more effective as DPPH scavengers. Condensed tannins are high molecular weight polymers and, consequently, may be ineffective as DPPH scavengers. The absence of a significant correlation between RSA and RPC (see results) can be explained by the fact that both assays are based on two different mechanisms.

Principal component analysis (PCA) was conducted to confirm any relationships among the analyzed variables and to visualize the multivariate data. PCA provides an exploratory data analysis and allows visualizing the data. PCA was applied to the data set of the 28 samples represented by the variables total phenolic, flavonoid, and condensed tannin contents, and their antioxidant activities. The first two principal components explained 64.6% of the total data variance. The PC1-PC2 loading plot is presented in [Figure 6](#F0006){ref-type="fig"} and allows revealing information about the responses TPC, FC, CTC, DPPH, and RPC. The loading plot results confirm that the variable DPPH behaves differently from the rest; that RPC is more related to TPC and CTC, and that RPC and DPPH behave very differently.

![PC1-PC2 loading plot after autoscaling of the variables TPC, FC, CTC, DPPH and RPC.](IPHB_A_1291690_F0006_C){#F0006}

PCA also allowed gaining an overview of the similarities and differences between regions genders and harvest months, when samples are labeled accordingly. The PC1-PC2 biplot is given in [Figure 7](#F0007){ref-type="fig"} and provides information about both samples and variables (responses). The distance between two samples on a biplot is directly proportional to their degree of similarity or difference. [Figure 7(a)](#F0007){ref-type="fig"} shows that the samples from the Laghouat region (L) are mostly situated at the lower side of the score plot (low PC2 scores), while those from the Ain oussera region (O) are situated in the upper side of the plot (high PC2 scores). This difference is mainly caused by the variables, RPC and DPPH. For RPC, larger values are found for the samples from the Laghouat region ([Table 6](#t0006){ref-type="table"}). On the other hand, DPPH values were higher for the samples of the Ain oussera region ([Table 5](#t0005){ref-type="table"}). It could be concluded that the growing region differentiates the *P. atlantica* leaves, mainly on the basis of their antioxidant activities.

![PC1-PC2 biplot, showing 28 *P. atlantica* samples labeled according to (a) harvest regions, (b) the genders, and (c) the harvest months.](IPHB_A_1291690_F0007_C){#F0007}

[Figure 7(b)](#F0007){ref-type="fig"} illustrates the PC1-PC2 biplot of the samples labeled according to gender. The two genders could not be differentiated on the plot. This result confirms the earlier finding that TPC, FC, CTC, RPC and RSA are non-significantly affected by the factor gender.

Having a closer look at [Figure 7(c)](#F0007){ref-type="fig"} indicates some seasonal tendency along PC1. Spring samples (months 4--6) tended to be situated at higher PC1 values, while autumn (months 9--10) samples mainly are situated at lower PC1 values. The results observed in the PC1--PC2 biplot ([Figure 7(c)](#F0007){ref-type="fig"}) thus differentiates to a certain degree *P. atlantica* leaves according to their harvest months.

Conclusion {#s0016}
==========

Our data revealed the changes in phytochemical contents along with the antioxidant activities of *P. atlantica* leaves as a function of harvest month, growing region and gender. The multivariate and statistical analyses of the results suggest that the phenolic compounds, flavonoid and condensed tannins contents, as well as the antioxidant activities were to a certain extent affected by the factor harvest month. The factor growing region also results in clearly different samples, where the difference is mainly due to the antioxidant activities. On the contrary, the factor gender did not seem to influence these responses. Furthermore, the correlation observed between the antioxidant assay results and the phenolic as well as the condensed tannins contents though limited are indications that these compounds are among the predominant sources of the antioxidant activity in *P. atlantica* leaves.

The present results may provide a basis for scientifically deciding on the optimal *P. atlantica* leaf-harvesting time and on the more optimal region for collecting.
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